Background: Spinocerebellar ataxias (SCA) are often caused by expansions of short tandem repeats (STRs). Recent methodological advances have made repeat expansion (RE) detection with whole genome sequencing (WGS) feasible. Objectives: To determine the genetic basis of ataxia in a large, multigenerational Australian pedigree, with autosomal dominant inheritance and possible anticipation. Methods and Results: WGS was performed on three affected relatives. The sequence data was screened for known pathogenic REs using three repeat expansion detection tools: exSTRa, ExpansionHunter and GangSTR. This screen provided a clear and rapid diagnosis (<5 days from receiving the sequencing data) of SCA36, a very rare form of ataxia which is caused by an intronic hexanucleotide GGCCTG RE in NOP56.
Introduction
Spinocerebellar ataxias (SCA) comprise a group of rare, progressive neurological disorders that can be caused by deleterious point mutations or pathogenic expansions of short tandem repeats (STRs). Ataxias caused by repeat expansions (REs) of STRs are difficult to diagnose, with low throughput methods such as locus-specific sizing or repeat primed PCR assays being most commonly performed [1] . Clinical testing is routinely available for SCAs caused by more common REs such as Friedreich's ataxia, SCA1, 2, 3, 6 and 7, but not rarer forms such as CANVAS, SCA 8, 10, 12, 17, 31, 36 and 37. Hence molecular diagnosis of ataxias due to REs, particularly less common REs such as those underlying SCA36 and SCA37, can be hard to obtain. In addition, current RE tests are expensive and can be time consuming, sometimes requiring international shipping of biospecimens or DNA. This has multiple negative outcomes, including uncertainty and a potential diagnostic odyssey for patients, while clinicians and health providers are unable to offer accurate prognosis, counselling and best clinical care.
Methodological advances in bioinformatics in the last two years have made the simultaneous testing for all known REs through whole genome sequencing (WGS) feasible [2] . Additionally, multiple novel REs have been discovered in neurological disorders using WGS in the last two years alone, including in epilepsy [3] and ataxia [4] [5] [6] . Indeed, there is a growing recognition of the importance of REs and potential contribution to unsolved neurogenetic disease [7] .
In a recent study, we utilised WGS to discover a novel AAGGG RE in the gene encoding replication factor 1 (RFC1) that causes cerebellar ataxia with neuropathy and bilateral vestibular areflexia syndrome (CANVAS) [4] . We thus provided a genetic CANVAS diagnosis to patients from 18 families in our Australian CANVAS cohort. Additionally, we also used the same WGS data to re-diagnose patients who tested negative for the RFC1 RE with other forms of ataxia, including one individual with SCA3, also caused by a RE.
In this study, we present a case study in which a three generation Australian pedigree with autosomal dominant ataxia was rapidly diagnosed with SCA36 using WGS-based bioinformatic approaches, and subsequently validated by two independent international service providers. SCA36 is a very rare ataxia with slow progression, and is characterized by adult-onset gait and appendicular ataxia, oculomotor abnormalities, cerebellar dysarthria and hyperreflexia. A definite clinical diagnosis of SCA36 is difficult due to overlap with other ataxias, and therefore targeted testing of this locus is not routinely considered. This issue is compounded by the fact that in Australia and many other countries there is no accredited diagnostic testing available for SCA36. A small number of international service providers do offer single locus SCA36 testing, but the test is expensive, turnaround times can be long, and cannot provide the exact size of the RE. This study highlights that accredited diagnostic WGS, which is available in many countries, can provide an alternative single test to rapidly diagnose SCA36 and other unsolved ataxias, effectively addressing a previously unmet clinical need.
Results
A large Australian family of European ancestry with seventeen individuals affected by ataxia over three generations was recruited to this study ( Figure 1 ). Segregation is consistent with autosomal dominant inheritance, with apparently complete penetrance. At least 18 members of this family in 4 generations present with ataxia. Onset of symptoms is in mid adulthood and is slowly progressive. Lifespan is not significantly reduced with a number of affected individuals living into their 80s. A detailed neurological examination was undertaken on the three subjects and found that all displayed an ataxic gait, characterized by a broadened base of support, lateral veering, reduced walking speed, irregular foot placement, an increased stance phase and increased foot rotation angles [8, 9] . Oculomotor abnormalities were consistent with cerebellar impairment and included saccadic horizontal and vertical visual pursuits [10] and vestibulo-ocular reflex suppression [11] ; and dysmetric saccades to target [12] . Cerebellar dysarthria with consequent reduction in speech intelligibility was also present [13, 14] . Appendicular ataxia was seen in all four limbs and manifested by dysmetria [15, 16] and intention tremor [15, 17] . Global upper and lower limb hyperreflexia was also present on examination [18] .
WGS was performed for three affected individuals from the family (Figure 1 ) and the data was analysed for a pre-defined list of 12 candidate repeat expansions known to cause ataxia (SCA1,2,3,6,7,8,10,12,17,36, Friedreich's ataxia and CANVAS) using exSTRa [19] and ExpansionHunter [20] . This analysis identified the SCA36 RE in all three individual's WGS data, with none of the 167 controls exhibiting a RE. Based on evidence from the repeat read distributions plotted by exSTRa the RE was present in a heterozygous state in all affected individuals sequenced. SCA36 is caused by an expansion of the intronic hexanucleotide GGCCTG RE in NOP56 (Figure 2A , OMIM #614153). Expansion Hunter was used to estimate the size of the expanded allele determining a lower bound of ~800 repeat units ( Figure 2B ). This is a lower bound due to the limitations of sizing of very large expansions with short-read sequencing, with a known bias towards estimating fewer repeat motifs. This is a significant distinction as the pathogenic threshold for SCA36 has previously been described as greater than 650 repeats [21] . Individuals with normal repeat size display a motif range of 1-12 repeat units. More precise sizing of SCA36 RE requires a Southern blot, however no such Southern blot is currently available commercially to our knowledge due to the rarity of this RE. Visualisation of the locus in IGV confirms a large RE present in all three individuals ( Figure 2C ). Subsequent to identification of SCA36 in the family, we performed confirmatory linkage analysis using genotypes extracted from the WGS data with LINKDATAGEN [22] . While underpowered, this analysis identified 15 regions of identity by descent with LOD scores between 1 and 1.5 (data not shown). One of these regions (chr20:257608-7368304, LOD=1.5024, 20p13) overlapped SCA36, and also encompasses the genes for SCA23 (PDYN) and SCA35 (TGM6). A second linkage region on chromosome 4 intersects with the gene that causes SCA41. No potentially pathogenic sequence variants or RE were identified in these genes in the three affected individuals.
Examination of clinical features for this family confirmed features consistent with SCA36. To confirm the diagnosis, molecular diagnostic SCA36 testing was ordered. As diagnostic testing is not currently available in Australia, diagnosis was sought through two independent international service providers (Fulgent and MNG Laboratories). Both returned a positive result, identifying one allele as greater than 70 repeats. However, only alleles >650 are considered full-penetrance and diagnostic of SCA36, while alleles between 15 and 650 repeats are considered variants of uncertain significance. Neither provider offers Southern blot or any other test to accurately size the RE.
Discussion
SCA36 is a rare condition that shares considerable clinical overlap with other ataxias, meaning molecular diagnostic testing is difficult to access. Here, we report for the first time that WGS can provide rapid and efficient diagnosis of SCA36. This is of significant clinical importance, given the difficulty and lack of availability of diagnostic testing for SCA36 worldwide, with affected individuals remaining underdiagnosed for this genetic mutation. Importantly, other than Southern blot, which is rarely used, no other test can identify >600 repeats for the SCA36 locus. We demonstrate that WGS can offer a rapid and efficient method for ataxia caused by REs, such as SCA36.
SCA36 is a rare monogenic form of ataxia that includes motor neuron involvement and is caused by an intronic GGCCTG (AGGCCC) hexanucleotide repeat expansion in NOP56 (OMIM #614153). It was first identified in patients of Japanese ancestry, using linkage mapping in three unrelated families [21] . Nine unrelated affected individuals were identified in a large Japanese ataxia cohort (n=251). These individuals shared a common haplotype, suggesting a single founder event for SCA36 in the Japanese population. Individuals with SCA36-mediated ataxia have since been identified in China, the US, Italy and Spain, with the latter country demonstrating a relatively high incidence of SCA36, owing to a founder effect [23] . It appears likely that there are multiple founder events for SCA36 RE as has been observed for other repeat expansions, such as Huntington disease [24] and SCA3 [25] .
SCA36 is exceptionally rare -in the initial Japanese study which described SCA36, the pathogenic allele was detected in 3.6% of patients in an unsolved ataxia cohort of 251 patients [21] . In a recent US study of 577 ataxia patients, SCA36 was detected in only 0.7% of unsolved ataxia patients [26] . Therefore, routine screening of ataxia patients for SCA36 using RP-PCR or by Southern blot is not considered practical or cost effective. We propose that changing clinical practice to utilise WGS as a stand-alone frontline test is a potentially cost-effective and efficient diagnostic pathway for individuals with a clinical diagnosis of ataxia. This method allows for the screening of all known RE simultaneously while also allowing examination of point mutations in known ataxia genes. Furthermore, the WGS data can subsequently be used for novel gene discovery in unsolved cases.
The rapidity and ease of genetic diagnosis for this family with WGS-based RE detection analysis, after decades of genetic testing, will extrapolate to other rare REs as well. In the ataxias more broadly, numerous diagnostic procedures such as MRI, nerve conduction studies and cognitive testing are performed, in part to inform diagnostic genetic testing. However our experience, and globally, is that despite these extensive investigations, a diagnosis is only achieved in at best ~30% of cases [27] [28] [29] . The diagnostic journey is long (up to 20 years) and often unsuccessful. We strongly advocate the implementation of WGS for molecular diagnostic testing of individuals with a clinical diagnosis of ataxia. To facilitate these analyses we maintain up to date lists of known RE for all currently used bioinformatic RE detection tools. These can be obtained from https://github.com/bahlolab/Bio-STR-exSTRa.
Methods
Institutional Ethics Committee approval was provided by the Royal Children's Hospital (Melbourne, HREC 28907), and written informed consent was obtained from all participants prior to study. Clinical details were collected from clinical assessments and review of medical records. Genomic DNA was isolated from blood using standard techniques and WGS was performed fee for service by the Australian Genome Research Facility. Libraries were prepared using a PCR free kit (TruSeq) and sequenced using a Novaseq (Illumina). Alignment and haplotype calling were performed based on the GATK best practice pipeline. All samples were aligned to the hg19 reference genome using BWA-mem. Duplicate marking, local realignment, and recalibration were performed with GATK. Samples were screened for a short-list of 12 STRs known to cause ataxia: SCA1,2,3,6,7,8,10,12,17,36, Friedreich's ataxia and CANVAS. RE detection tools exSTRa and ExpansionHunter were used, using default parameters, with additional parameters for ExpansionHunter: inclusion of off-target reads and read-depth of 30 and min-anchor-mapq of 20. Results were compared to 167 control WGS samples from the GTEx project. https://raw.githubusercontent.com/bahlolab/exSTRa/master/inst/extdata/repeat_expansion_diso rders.txt 
